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Abstract. Visualization of individual cutaneous nerve endings has previously relied on laborious procedures of
tissue excision, fixation, sectioning and staining for light or electron microscopy. We present a method for
non-invasive, longitudinal two-photon microscopy of single nerve endings within the skin of anesthetized trans-
genic mice. Besides excellent signal-to-background ratio and nanometer-scale spatial resolution, this method offers
time-lapse “movies” of pathophysiological changes in nerve fine structure over minutes, hours, days or weeks.
Structure of keratinocytes and dermal matrix is visualized simultaneously with nerve endings, providing clear land-
marks for longitudinal analysis. We further demonstrate feasibility of dissecting individual nerve fibers with infra-red
laser and monitoring their degradation and regeneration. In summary, our excision-free optical biopsy technique is
ideal for longitudinal microscopic analysis of animal skin and skin innervations in vivo and can be applied widely in
preclinical models of chronic pain, allergies, skin cancers and a variety of dermatological disorders. © 2012 Society of

Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.4.046007]
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1 Introduction
The various types of sensory nerve structures present in skin can
be classified according to their modality as thermoreceptors,
touch receptors and nociceptors.1 Under physiological condi-
tions, the number of sensory neurons innervating skin appears
to be tightly regulated.2 However, the dynamics of nerve endings
can be significantly affected by different pathophysiological
conditions.3 Indeed, changes in cutaneous nerves and nerve end-
ings are involved in a variety of acute and chronic neurological
disorders including traumatic injuries,4 Morton’s neuroma5 and
peripheral neuropathies such as Meralgia Paraesthetica.6

Optical microscopy is a commonly used method for inves-
tigation of skin innervations. A major limitation of microscopic
techniques is the necessity to excise skin tissue, fix it, prepare
sections and apply markers and antibodies for histochemical and
immunological staining. To allow tissue access for the antibo-
dies during immunostaining in skin sheets ex vivo, mechanical
separation of epidermis and dermis aided by chemical treatment
has to be used.7 In addition to being tedious and literally painful
to the patients, the ex vivo microscopic analysis fails to provide
any information on the time course of the multiple dynamic pro-
cesses which occur in skin under pathophysiological conditions.
Thus, the invasiveness and lengthiness of the ex vivo procedures
greatly hinders longitudinal measurements and renders analysis
of nerve ending dynamics unfeasible.8

The introduction of transgenic mice expressing fluorescent
proteins in specific neuronal subpopulations9 significantly broa-
dened the possibilities of dynamical investigations by allowing

three-dimensional imaging of neuronal structures without addi-
tional staining.10 Application of transgenic mice has allowed
long-term investigation of nerves in the skin.11 However, struc-
tural measurements of sensory neurons have been restricted to
ex vivo preparations. For instance, the thy1-YFP-H transgenic
mice9 have been applied in the studies of axon regeneration12

as well as Wallerian degeneration.13 While it is possible, in prin-
ciple, to visualize neurons in the skin of living transgenic mice
using conventional wide-field or confocal microscopy,9–11 the
light scattering nature of skin greatly reduces the quality of
images and light penetration depth, thus hindering investigation
of fine neuronal structures.

Two-photon microscopy (also known as multiphoton laser-
scanning microscopy) is a break-through technology in the field
of optical imaging.14 By exploiting longer near-infrared wave-
lengths for non-linear excitation of fluorophores, two-photon
microscopy dramatically reduces the undesirable effects of
light scattering in thick tissues such as skin. Moreover, due
to non-linear summation of the energy of two photons required
for exciting a fluorophore, fluorescence is only emitted strictly
from the focal point of the objective. This feature endows two-
photon microscopy with the intrinsic optical scanning property
and ensures excellent axial resolution while significantly
decreasing phototoxicity. These advantages make the technique
particularly suitable for measurements in living tissues,
especially in skin. Besides working with extrinsic fluorophores
(such as fluorescent proteins and organic dyes), two-photon
microscopy can be used for investigation of skin’s endogenous
chromophores.15 However, to the best of our knowledge, long-
itudinal in vivomicroscopic imaging of cutaneous nerve endings
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has not been documented so far. Here, we report a dynamic
investigation of skin innervations in vivo by means of two-
photon microscopy in transgenic thy1-YFP-H mouse model.

2 Materials and Methods
Transgenic mice expressing yellow fluorescent protein (thy1-
YFP-H transgenic line were purchased from Jackson Laboratory
(Bar Harbor, ME, USA). Mice at the age of 2 to 4 months were
anaesthetized by i.p. injection of the mixture of ketamine
0.08 mg per g body weight (Ketaminol, Intervet International)
and xylazine 0.01 mg · g−1 (Rompun, Bayer), with additional
injections of the same anesthetic as necessary. Eye drops (Vis-
cotears, Novartis Pharmaceuticals) were applied for protecting
the eyes from dehydration. The body temperature during the
experiments was closely monitored and maintained at 37°C
using a heating pad (Supertech) placed under the mouse. The
footpad was cleaned with ethanol and positioned on a metal bar.
A drop of water was placed on the skin and covered with a
microscope slide. The slide was attached to a metal bar with
paper clips to stabilize the footpad for subsequent imaging.

The two-photon imaging of nerve fibers, as well as two-
photon nanosurgery of selected nerves, was performed using
the FluoView 1000 MP system (Olympus). The excitation
light was generated by a mode-locked Ti:Sapphire Mai-Tai
DeepSee femtosecond laser (Spectra Physics). The laser emis-
sion was focused onto the specimen by the objective lens
XLPlan N 25X (Olympus). The laser wavelength of 950 nm
was used for excitation of YFP. Fluorescence was collected
through the beam-splitting cube in four separate channels:
1. 397 to 412 nm for autofluorescence detection and consequen-
tial spectral unmixing of possible “bleed-through” of autofluor-
escence into the YFP channel; 2. 450 to 480 nm for detection of
second harmonic generation (SHG) signal for collagen fiber
visualization; 3. 520 to 550 nm for imaging of YFPþ nerves;
and 4. 580 to 630 nm for detection of both YFP fluorescence
and autofluorescence of cornified layer of epidermis and of
hair. In those cases where strong autofluorescence from hair
was detected in the third channel (520 to 550 nm) and YFP
fluorescence was partly detected in the fourth channel (580
to 630 nm), spectral unmixing was performed using ImageJ
(http://rsbweb.nih.gov/ij/).

During the investigation of thin structures, images were
acquired at the resolution of either 800 × 800 pixels or 1024 ×
1024 pixels to obtain more detailed pictures. Axial step was var-
ied between 1 and 5 μm according to the spatial resolution
needed. The laser power was initially set at 100 mW but was
varied from spot to spot, depending on optical properties of
each skin spot, in order to obtain comparable fluorescence inten-
sity between experiments. The images were processed off-line
using Imaris software (Bitplane).

The laser lesions were produced using the same laser as used
for image acquisition. First, a z-stack with a 5-μm vertical step
was acquired to obtain three-dimensional (3D) reconstruction of
the nerve fibers structure and select the x, y and z coordinates for
the desired area of lesion. Second, a micro-lesion was produced
by parking the laser beam at the chosen point and increasing the
laser power from 100 to 1000 mW. The dose of laser exposure
was limited by setting the shutter open time to 1 s. Finally, the
laser power was decreased back to 100 mW, and a time-lapse
series of 3D image stacks of the same site was acquired over
a period of minutes to days after lesion for dynamic investiga-
tion of the consequences of laser microsurgery.

To enable longitudinal experiments with repetitive imaging
of the same nerve ending over periods of days or weeks, we
developed the following procedure. The carpal pad was visually
identified and used as a reference point, with its coordinates
stored for future reference. A nerve fiber of interest was first
selected at low magnification and followed all the way to the
nerve ending chosen for laser surgery and longitudinal imaging.
The horizontal coordinates of the corresponding imaging field
were stored in relation to the carpal pad coordinates, while the
vertical coordinate was calculated from the uppermost level of
epidermal autofluorescence {see Video 1 for illustration of spa-
tial relationship between superficial epidermis, nerves and col-
lagen (MPEG, 6.5 MB) [http://dx.doi.org/10.1117/1.JBO.17.4
.046007.1]}. During each subsequent imaging session, the
hind paw was repositioned the same way as in the first session.
The carpal pad was visually identified and used as a zero point in
the horizontal coordinate system. For setting the vertical coor-
dinate, autofluorescence of superficial epidermis was used.

3 Results and Discussion
The footpad of a thy1-YFP-H mouse anesthetized with keta-
mine/xylazine was placed under the microscope objective as
shown in Fig. 1(a), covered with a glass slide and secured
with clips [Fig. 1(b)]. The fixation strength was set at a minimal
level to ensure stable imaging while avoiding excessive pressure
that may occlude blood flow in skin capillaries, which was
visualized in pilot experiments (data not shown). The areas
of interest were selected by identifying fluorescent YFP-positive
structures that were visible under standard wide-field epifluor-
escence conditions [Fig. 1(c)]. The selective neuronal expres-
sion of YFP in the thy1-YFP-H mice has been thoroughly
documented (see Ref. 9 and Jackson Laboratories webpage
http://jaxmice.jax.org/strain/003782.html). Taking into account
the published data, and considering that the non-hairy skin

Fig. 1 Visualization of YFPþ nerves in the skin of mouse footpad.
(a) Design of the two-photon imaging setup. The hind paw of the
mouse with a drop of water on it is covered with a standard microscope
slide to ensure optical coupling with a water-immersion objective.
(b) Zoomed image of the mouse hind paw positioned in the set-up.
(c) A wide-field epifluorescence image of nerve fibers in skin of the
thy1-YFP-H mouse hind paw. Scale bar 100 μm. (d) Two-photon
image of the same nerve fibers. See also Video 2 (MPEG, 8.0 MB)
[http://dx.doi.org/10.1117/1.JBO.17.4.046007.2].
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regions of hind paw foot pad essentially lack motor neuron
axons, we concluded that the YFPþ structures monitored in
the present study were part of a small subset of sensory nerves
originating from DRG neurons.9,16,17

The z-stacks of optical sections were collected using two-
photon excitation mode, and 3D projections were built revealing
fine morphological details of YFP-positive nerve fibers and
terminals [Fig. 1(d)]. For comparison, conventional wide-field
image of the same region is shown in Fig. 1(c). Clear optical
sections were obtained with two-photon microscopy at the
depths of up to 250 μm (for animated projections of the
image z-stack, see Video 2).

Fluorescence was collected using three separate emission
channels. Emission of YFP fluorescence was collected in the
spectral intervals of 520 to 550 nm [Fig. 2(a)] and 580 to
630 nm [Fig. 2(b)]. At the edges of footpad, YFP fluorescence
occasionally partly overlapped with the autofluorescence of hair.
Despite the overlapping spectra, it was possible to distinguish
the nerve structures from hair and skin autofluorescence using
mathematical unmixing routines18 [Fig. 2(d) and (2e)]. Sim-
ultaneous collection of the second harmonic generation (SHG)
signal and fluorescence of YFP [Fig. 2(c) and 2(f)] allowed us to
investigate spatial distribution of neuronal network intertwined
with collagen fibers, which would not be possible using conven-
tional histological techniques.

Spatial relationship between nerve endings and collagen
layers could be resolved as illustrated in Fig. 3(a) and Video 3.
Thin structures that were situated in close proximity to each
other could be clearly distinguished [Fig. 3(b)]. Full-width at
half-maximum of the thinnest part of nerve is 750� 200 nm

(n ¼ 5) [Fig. 3(c)]. The fibers that were 3 μm apart from
each other were fully discernible, as indicated by lack of overlap
in their intensity profiles [Fig. 3(d)].

Moreover, it was possible to affect the nerves by producing
selective lesions utilizing the same laser as for imaging (Fig. 4).
To produce spatially restricted lesions to selected nerve fibers,
we “parked” the laser beam at one spot to achieve continuous
exposure of up to 500 ms. This technique allowed investigation
of dynamic rearrangement of neuronal networks on a short time
scale [Fig. 4(a) and 4(b)] as well as over the periods of days and
weeks [Fig. 4(d) and 4(e)], potentially extendable to even longer
periods of several months. Immediately after the lesion, the
integrity of the targeted nerve fragment was lost and small struc-
tures resembling vesicles filled with YFP became clearly visible
in the lesion area [Fig. 4(c)]. These round structures persisted for

Fig. 2 Simultaneous detection of YFP fluorescence (yellow), hair auto-
fluorescence (red) and Second Harmonic Generation (SHG) signal
originating from collagen fibers (grey) shown as raw images prior to
spectral unmixing (a, b, and c) and as processed images resulting
from spectral unmixing (d, e, and f). Scale bar 100 μm.

Fig. 3 Two- and three-dimensional image analysis. (a) Horizontal view of an optical section and the corresponding lateral projections of the YFPþ
nerve fibers. The diagram shows normalized total intensity of the respective lateral projections. Scale bar 100 μm. (b) Zoomed maximum intensity
projection of the z-stack. Scale bar 50 μm. Lines mark corresponding lateral intensity profiles of a single nerve fiber (c) and of two neighboring fibers
(d) See also Video 3 (MPEG, 6.7 MB) [http://dx.doi.org/10.1117/1.JBO.17.4.046007.3].
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at least 10 days after the lesion [Fig. 4(d) and 4(e)], when re-
innervation began as indicated by appearance of thin filopodia-
like elongatedYFPþ structures shown with an arrow in Fig. 4(e)
and 4(f).

Interestingly, days later we observed diffuse cell-size
structures with the spectral characteristics of YFP. It seems plau-
sible to assume that these were phagocytes presumably partici-
pating in clearance of the severed nerve fibers. An alternative
explanation is injury-induced transient expression of thy1 in
keratinocytes and subsequent thy1-driven expression of YFP
in non-neuronal structures surrounding the severed nerve
ending.10

“Nanosurgery,” or selective disruption of single axon has
been demonstrated in the brain of anesthetized transgenic
mice several years ago.19 However, the underlying physical prin-
ciples of this process still remain elusive, especially in the case
of its application to skin. The feasibility of producing highly
selective lesions and disruptions of axons strongly depends
on the scattering properties of the tissue. Typically, nerve
endings that are positioned upon the collagen layer are more
suitable for selective disruption. Although it is possible to pro-
duce lesions using shorter wavelength, e.g., 800 nm where YFP
excitation is not optimal, precise disruption of single axons
seems to be feasible only at the peak of YFP absorption at
950 nm (our unpublished observation).

After local injury the peripheral nerves may undergo signif-
icant regeneration or degradation. Insufficient functional recov-
ery of nerve sensitivity after the sensory nerve injury remains an
unmet clinical need. The incomplete re-innervation following
the disruption of nerves may lead to abnormal sensory functions.
The method presented here could be useful as an assay for devel-
oping new treatments for peripheral nerve injuries. It will be
particularly interesting to investigate inflammatory processes
concomitant to the nerve lesion by means of, for example,
neutrophil staining in vivo via i.v. injection of antibodies.20

There are several ways to circumvent physical limitations
restricting optical investigations in skin. One of them is mount-
ing of special skin fold chamber on the back of the animal to
provide access to the deepest layers of skin for two-photon
microscopic imaging.21 However, the skin fold chamber
approach is more invasive compared to the method presented
here. Another method providing access to the deep skin layers
utilizes small-diameter fiber-optic probes that could provide real
time images in the living animal, allowing access to peripheral
nerve system as well as the brain. However, in addition to its
invasive nature, the fiber-based method does not offer the spatial
resolution required for investigation of subcellular structures.22

Peripheral neuropathy remains an important clinical pro-
blem. This condition has been associated with a variety of dis-
orders such as diabetes, immune diseases, drug toxicity
(especially cancer chemotherapy) and HIV.8 Use of in vivo
two-photon optical biopsy for morphological analysis in living
transgenic mice will provide new and significant insights in
these areas of research. Different lines of transgenic mice
expressing, e.g., GFP, DsRed or CFP could be used in these
types of experiments for convenient spectral separation.9,23

This is essential for experiments where, simultaneously with
nerve endings, visualization of blood flow and extravasation
of i.v.-injected tagged drug or blood plasma is desired. Using
the mice with fluorescently marked mitochondria will enable
functional imaging of nerve endings in skin. A promising
and flexible approach is the in vivo electroporation, which
allows expressing fluorescent proteins of interest in the nervous
system of postnatal animals as we and others have previously
shown.24,25

In conclusion, we designed the protocol for single nerve end-
ings visualization in thy1-YFP-H transgenic mice using two-
photon microscopy. The method allows monitoring dynamic
changes in thin structure of nerve fibers with submicron resolu-
tion over the periods of days or weeks.
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